Aims Complete submergence is an important stress factor for many terrestrial plants, and a limited number of species have evolved mechanisms to deal with these conditions. Rumex palustris is one such species and manages to outgrow the water, and thus restore contact with the atmosphere, through upward leaf growth (hyponasty) followed by strongly enhanced petiole elongation. These responses are initiated by the gaseous plant hormone ethylene, which accumulates inside plants due to physical entrapment. This study aimed to investigate the kinetics of ethylene-induced leaf hyponasty and petiole elongation. † Methods Leaf hyponasty and petiole elongation was studied using a computerized digital camera set-up followed by image analyses. Linear variable displacement transducers were used for fine resolution monitoring and measurement of petiole growth rates. † Key Results We show that submergence-induced hyponastic growth and petiole elongation in R. palustris can be mimicked by exposing plants to ethylene. The petiole elongation response to ethylene is shown to depend on the initial angle of the petiole. When petiole angles were artificially kept at 08, rather than the natural angle of 358, ethylene could not induce enhanced petiole elongation. This is very similar to submergence studies and confirms the idea that there are endogenous, angle-dependent signals that influence the petiole elongation response to ethylene. † Conclusions Our data suggest that submergence and ethylene-induced hyponastic growth and enhanced petiole elongation responses in R. palustris are largely similar. However, there are some differences that may relate to the complexity of the submergence treatment as compared with an ethylene treatment.
INTRODUCTION
Plants encounter various environmental stresses, both biotic and abiotic. Acclimation to these stresses enables plants to survive unfavourable conditions. Submergence is a severe abiotic stress that has negative effects on growth and survival of most terrestrial plants, especially when it occurs during the growing season (Blom and Voesenek, 1996; Bailey-Serres and Voesenek, 2008) . A consequence of plant submergence is limitation of gas diffusion, which is about 10 000 times slower in water than in air. This causes dramatic changes in O 2 , CO 2 and ethylene concentrations in plant tissues (Armstrong, 1979; Rijnders et al., 2000) . There is much variation between plant species in tolerance to submerged conditions. Various species, such as Rumex acetosa, Daucus carota, Salvia pratensis and Lycopersicon esculentum, are very sensitive, whereas others, such as Rumex palustris, Oenanthe aquatica, Phalaris arundinacea and some cultivars of Oryza sativa, are tolerant (Jackson and Campbell, 1975; Voesenek et al., 2004; Fukao et al., 2006; Mommer et al., 2006) . Flood-tolerant species show acclimations in their morphology, anatomy and metabolism in response to flooding and these have been the subject of extensive research for more than 30 years (Voesenek et al., 2006; Bailey-Serres and Voesenek, 2008; Jackson, 2008) .
Strong submergence-induced petiole elongation is observed amongst different populations of R. palustris, a member of the family Polygonaceae (Chen et al., 2009 ). This adaptive growth response has the potential to bring the leaf tips above the water surface, but only when the leaves are in a more or less erect position. Because R. palustris typically has rosette leaves during the vegetative phase of its life cycle, these first need to reorientate from approximately 358 to an almost vertical position, a growth response termed hyponastic growth (Voesenek and Blom, 1989; Cox et al., 2003) . In fact, the petiole elongation response upon submergence will be suppressed until a petiole angle of approximately 508 has been reached (Cox et al., 2003) . Hyponastic growth requires a differential elongation of the abaxial versus adaxial side of the petiole (Kang, 1979) . It has been shown that submergence-induced hyponasty in R. palustris is caused by flooding-induced stimulation of cell elongation at the abaxial side of the petiole, whereas elongation of the adaxial side is not affected (Cox et al., 2003) .
Previous studies with R. palustris have demonstrated that the gaseous hormone ethylene accumulates inside plant tissues to drastically elevated levels during submergence (Banga et al., 1996a) . This is caused by physical entrapment due to greatly reduced gas diffusion into the surrounding water. Ethylene-induced growth responses are reminiscent of those induced upon submergence. However, pretreatment with a specific inhibitor of ethylene action, 1-methylcyclopropene (1-MCP), which completely inhibits growth responses to exogenous ethylene in R. palustris, could not totally abolish the complete hyponastic response in submerged plants (Cox et al., 2004) . This suggests that in addition to ethylene, other factors contribute to submergence-induced hyponastic growth.
In the present study, we investigate ethylene-induced hyponastic growth and petiole elongation in the terrestrial plant R. palustris and also compare it with phenotypically similar responses observed during submergence.
MATERIALS AND METHODS

Plant material and growth conditions
Seeds of Rumex palustris were germinated for 10 d after which they were potted on a 2 : 1 (v/v) potting soil/sand mixture with additional nutrients (Cox et al., 2003) Computerized digital camera system and image analyses A computerized digital camera set-up was used to measure changes in the angle of the third petiole during control, ethylene and submergence treatments. This camera set-up was installed in climate-controlled growth cabinets with conditions similar to the growth conditions mentioned above. Individual plants were photographed every 10 min until 16 h after treatment. To avoid confounding effects of diurnal rhythms, all the experiments started at noon. The angle and the length of the third petiole were measured with image analysis software [developed in house in the KS400 (Version 3 . 0) software package from Carl Zeiss Vision, Jena, Germany]. Data for hyponastic growth and petiole elongation of individual plants were fitted using a logistic function (Cox et al., 2003) .
Ethylene treatment
Plants were treated with ethylene in air-tight cuvettes in a flow-through system and photographed every 10 min with a camera set-up to monitor the growth response as described above. One day before the experiment, plants were placed in the cuvettes under the following conditions; 20 8C, 70 % relative humidity and 16 h light (200 mmol m 22 s 21 PPFD). An ethylene concentration of 5 mL L
21
, high enough to saturate petiole elongation and hyponasty responses, was used in all ethylene experiments (Voesenek and Blom, 1989) . To obtain this concentration, ethylene (100 mL L
; Hoekloos BV, the Netherlands) and air were mixed using flow meters (Brooks Instruments BV, Veenendaal, the Netherlands). A concentration of 5 mL L 21 ethylene inside the cuvettes was reached in 40 min (Millenaar et al., 2005) .
Angle manipulation
To study the interaction between hyponastic growth and petiole elongation in response to ethylene and to compare this with submergence experiments, we manipulated the initial angles of the petioles. To enable manipulation of the angle of the petioles, a freely revolving ring, in which the plants could be placed, was attached inside the cuvettes. Pots could thus be tilted such that desired angles of target petioles were reached and its consequences for hyponastic growth and petiole elongation could be assessed using the computerized camera set-up.
Petiole elongation measurement
To measure the rate of the increase in length of the petiole, linear variable displacement transducers were used . To monitor the elongation rate of the petiole, we designed a clamp that was attached to the third petiole in either a horizontal or a vertical position. This allowed for highly accurate analysis of the consequences of petiole angle manipulations [vertical (908) versus horizontal (08)] for ethylene-induced petiole elongation. Lines fitted through 20-min intervals of petiole length measurements were used to calculate elongation rates. Ethylene (5 mL L
21
) was applied 1 h after the plants had been placed in the transducer set-up.
Data fitting and statistical analyses
Analyses of the kinetics of hyponastic growth and petiole elongation (Y ) were accomplished using a logistic program using the equation:
where A 1 is the starting value, A 2 is the final value, X 0 is the point of inflection and p is a measure for the steepness of the curve. Fitting occurred through minimizing the sum of squares of the difference between the measured and the predicted data using the solver function (standard settings) in Microsoft Excel 2000 (Microsoft, Redmond, WA, USA).
The X 0 value, obtained from the fitting program, was used to divide the measured data into two subsets. The lag phase, either for hyponastic growth or for petiole elongation, was obtained from the data subset below X 0 . The data subset above the parameter X 0 determined the time required for the completion of hyponastic growth. The lag phase (X lag ) parameter was obtained by fitting two linear lines (Y 1 and Y 2 ) through a subset of measured data in such a way that the point of discontinuity is equal to the interception of the two lines:
A value for X lag was obtained by minimizing the sum of the squares of the differences between the measured and the predicted data, again using the solver function (standard settings) in Microsoft Excel 2000 (Cox et al., 2003) . The parameters calculated from these curve fits were statistically analysed with the SPSS 16 . 0 software package, using Student's t-tests or one-way ANOVA's with Tukey's post-hoc comparisons.
RESULTS
Ethylene application results in hyponastic growth and enhanced petiole elongation similar to the responses induced by submergence Exogenous application of 5 mL L 21 ethylene to 27-d-old R. palustris plants with an initial angle of approx. 358 of the third petiole induced a pronounced increase in the petiole angle and petiole elongation response (Fig. 1A, B) . There was a lag phase of 2 . 3 h before changes of the angle could be detected (Fig. 1A , Table 1) , and led to a final angle of 75 -808. Ethylene-induced stimulation of petiole elongation showed a lag phase of 2 . 8 h, thus synchronizing it to petiole angles close to 508 (Fig. 1B, Table 1 ). For comparison reasons, submergence data from Cox et al. (2003) are included in Fig. 1 and Table 1 . Ethylene-and submergence-induced hyponasty and petiole elongation appear to be largely similar, although lag phases for submergence-induced responses may be slightly shorter than for ethylene-induced responses (see lag phases in Table 1 ). In addition, the maximum angle in both cases was reached within almost 6 h.
Hyponastic growth and petiole elongation depend on the initial petiole angle
To study the dependence of ethylene-induced hyponastic growth and petiole elongation on the initial petiole angle, angle manipulation experiments were performed. Petioles manipulated to an initial angle of approximately -108 showed, under both control and ethylene-enriched conditions, an immediate hyponastic growth response without a clear lag phase (Fig. 1C) . Up to approx. 2 h no difference was present between control and ethylene-treated plants. However, after 2 h the ethylene-treated plants showed an accelerated hyponastic growth compared with controls (Fig. 1C) . The hyponastic response of the ethylene-treated plants continued until a final angle of almost 708 was reached (Fig. 1C, Table 1 ). Petioles with an artificially manipulated initial petiole angle of -108 that were treated with ethylene showed enhanced elongation growth with a clear biphasic pattern (Fig. 1D) .
The hyponastic response upon ethylene treatment was completely abolished when petioles were manipulated to an initial angle of more than 658 (Fig. 1E ) and enhanced petiole elongation showed a reduced lag phase (Fig. 1F) . It could be argued that with this manipulation the leaves would already be at their maximum angle, but a slight hyponastic growth with a lag phase and a higher final angle were observed in submergence treatments (Table 1; Cox et al., 2004) , indicating that a response is still possible. Furthermore, the lag phase of elongation and final petiole end length appear to be somewhat higher in ethylene-treated plants than in submerged plants (Table 1) .
Our results show that, similar to submerged plants, initial petiole angle has a strong impact on ethylene-induced hyponastic growth and petiole elongation.
Enhanced petiole elongation growth in response to ethylene
To quantify the rate of petiole elongation during ethylene application, linear displacement transducers were used . In this experiment, control and ethylene-exposed leaves were subjected to two additional treatments. The leaves were positioned either horizontally or vertically. The vertical petioles treated with ethylene showed an enhanced elongation rate when compared with the air control ( Fig. 2A) . Maximum growth rates were 0 . 56 (first day) and 0 . 69 (second day) mm h 21 for ethylene-treated petioles as compared with 0 . 35 (first day) and 0 . 39 (second day) mm h 21 for petioles in air ( Fig. 2A) . The elongation of both control leaves as well as ethylene-treated leaves showed a diurnal pattern with the highest elongation rates during the day. The difference between control and ethylene-induced elongation rates were maximal during the day and almost zero during the night (Fig. 2A) . When petioles were kept horizontally in the transducer set-up, ethylene did not induce a significant enhancement of the elongation rate (Fig. 2B) .
DISCUSSION
From previous studies, it was evident that the plant hormone ethylene plays a crucial role in the hyponastic growth and petiole elongation responses of R. palustris to flooding stress (Voesenek et al., 2006) . Although it had been observed that plants treated with ethylene could mimic the phenotype of submerged plants, the detailed kinetics of the response to ethylene had not yet been documented or compared with submergence. (Cox et al., 2003) . Values in parentheses represent the standard errors of the means of parameters which describe the kinetics of petiole elongation and hyponastic growth calculated by data fitting. X 0 is the point of inflection and p represents the steepness of the curve. For manipulated treatments and controls eight replicates were used. For non-manipulated treatments and controls 16 replicates were included. Statistical analyses were performed using Student's t-test (P , 0 . 05) for hyponastic growth and Tukey's b-test (P , 0 . 05) for elongation growth. Different superscript letters beside each value indicate statistically significant differences.
Here we studied hyponastic growth and enhanced petiole elongation of R. palustris in response to ethylene and compared the data with the results previously obtained on submerged plants.
Hyponastic growth
Ethylene-treated plants, with unmanipulated petioles, had a slightly longer lag phase (2 . 3 h) than submerged plants (1 . 8 h). However, the two treatments resulted in a similar final petiole angle (approx. 808) within 6 h (Fig. 1) . As the accumulation of ethylene within submerged plants takes time (approx. 1 h) (Banga et al., 1996b ) the shorter lag phase of the submerged plants was unexpected. This was particularly so because ethylene concentrations in the cuvettes used for ethylene treatments reached hyponasty-saturating concentrations within a few minutes after the onset of ethylene treatment (data not shown). Presumably, the cells of plants in the ethylene treatments would be exposed to high ethylene levels relatively quickly, and perhaps faster than submerged plants. In ethylene-treated plants the internal concentration is expected to be the combined result of endogenous production and inward diffusion of external ethylene, whereas in submerged plants it would result from entrapment of endogenously produced ethylene only. Therefore, this observation suggests that, in addition to ethylene, other factors also contribute to hyponastic growth under water. This hypothesis is also consistent with the observation that hyponastic growth was not completely abolished when submerged plants were treated with 1-MCP (Cox et al., 2004) . Such factors could include changes in oxygen and carbon dioxide partial pressures, although it remains to be studied how this would regulate hyponastic growth under water. These different factors could even interact to regulate this response, as has been shown for ethylene-mediated petiole elongation in this species, which is enhanced upon simultaneous exposure to low oxygen conditions (Voesenek et al., 1997 ). The present study shows that if the petiole angle is manipulated to below zero degrees (-108) hyponastic growth starts immediately in ethylene-treated plants, but interestingly also in non-ethylene-exposed control plants. This might indicate that this phase in hyponastic growth is independent of ethylene (Fig. 1C) . Alternatively, the very low control levels of endogenous ethylene may suffice to allow this upward petiole movement. After 2 -3 h, ethylene-induced hyponastic growth occurred, characterized by a higher rate in ethylene-exposed plants.
The hyponastic growth in control plants with an artificially reduced petiole angle of -108 is presumably a restoration of the leaf angle to the so-called gravitropic set-point angle (GSA; Digby and Firn, 1995) . GSA is the angle to the gravity vector that organs maintain as determined by developmental stage and environmental conditions (Digby and Firn, 1995) . How this is initiated is unknown, but one of the possibilities may be that plants sense the position of tissues and organs by means of the sedimentation of starch grains (statoliths) and act upon that to restore their original position with respect to the horizontal. The GSA in R. palustris is seasonally regulated and changes even in stable growth conditions, i.e. a climate room (Cox et al., 2003) . The mechanistic cause of this variation is not yet clear.
Enhanced petiole growth
Submergence-induced petiole elongation has been shown to require a minimal petiole angle of around 508 (Cox et al., 2003) . Ethylene-induced petiole elongation also depends on the starting petiole angle. This is based on observations showing a decrease in the lag phase of ethylene-induced elongation growth from 2 . 8 + 0 . 1 h in petioles starting at an initial angle of 40 + 1 . 58 to 1 . 9 + 0 . 3 h in petioles with an initial angle above 708 (Table 1) . Further evidence came from linear displacement transducer experiments, where petioles that were kept at very low initial angles did not elongate faster than controls, upon ethylene exposure (Fig. 2B) . Fast ethylene-induced petiole elongation was observed in vertical petioles ( Fig. 2A) . Elongation growth showed a diurnal rhythm with the highest growth rates during the day. A comparable pattern of enhanced elongation growth has been observed in submerged R. palustris plants (Vreeburg et al., 2005) . In addition, both ethylene and submergence can induce the expression of RpEXPA1, a gene that encodes expansin proteins that mediate cellular expansion (Vriezen et al., 2000) .
These results again suggest that, as in submerged plants, ethylene-induced petiole elongation is dependent on the initial angle of the petiole. In addition, upon manipulation to an appropriate angle, ethylene-induced hyponastic growth and petiole elongation of the leaves can be uncoupled.
Conclusions
Leaf hyponasty and enhanced petiole elongation contribute towards the ability of R. palustris to grow out of flood waters and thus survive submergence. The reorientation of leaf blades presumably shortens the distance the young leaf tips have to grow in order to re-establish aerial contact. This rapid response is essential to restoring aerobic metabolism and thus increases the chances of survival. This is supported by a study that demonstrated that emergence of R. palustris leaf tips out of the water stimulates biomass accumulation (Pierik et al., 2009) .
The present results suggested that ethylene-and submergence-induced hyponastic growth and enhanced elongation were almost similar. However, slight differences in the kinetics of hyponastic growth and petiole elongation between submergence and ethylene responses were observed. During submergence, numerous processes are affected, of which those regulated by ethylene are only a subset. Not only could the build-up of high ethylene concentrations trigger processes that are not induced during ethylene treatment alone, but so too could the reduction of oxygen levels, an accumulation of reactive oxygen species and a change in the carbohydrate status in some tissues. Furthermore, submergence results, in contrast to an ethylene treatment, in a slight upward change of the petiole angle (approx. 108) due to buoyancy (Cox et al., 2003) . It is possible that this slight change in angle affects the kinetics of hyponastic growth and elongation of the entire petiole based on the hypothesis proposed above.
Despite the small differences between submergence-and ethylene-induced hyponastic growth and petiole elongation, we conclude that ethylene explains a substantial part of the morphological submergence response in R. palustris.
